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Abstract 

Using SU(3) chiral perturbation theory we calculate the density-dependent complex 
mean field Us(kf) + iWs(kf) of a X-hyperon in isospin-symmetric nuclear matter. The 
leading long-range EiV-interaction arises from one-kaon exchange and from two-pion ex- 
change with a S- or a A-hyperon in the intermediate state. We find from the EiV — ► AN 
conversion process at nuclear matter saturation density po = 0.16 fm -3 an imaginary 
single-particle potential of We(^/o) = —21.5 Me V, in fair agreement with existing empir- 
ical determinations. The genuine long-range contributions from iterated (second order) 
one-pion exchange with an intermediate E- or A-hyperon sum up to a moderately repulsive 
real single-particle potential of U^(kfo) = 59MeV. Recently measured (ir~ , K + ) inclusive 
spectra related to ^"-formation in heavy nuclei give evidence for a E-nucleus repulsion of 
CO \ similar size. Our results suggest that the net effect of the short-range EiV-interaction on 

the E-nuclear mean field could be small. 
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The E-nucleus optical potential describes the behavior of a E-hyperon in the nuclear medium. 
The quantitative determination of this (complex) potential is a subject of current interest. 
Whereas an earlier analysis of the shifts and widths of X-ray transitions in E~-atoms has come 
up with an attractive (real) E-nucleus potential of about — 27MeV [1] (i.e. almost equal to 
well-established attractive A-nucleus potential of depth — 28MeV [2]) there is nowadays good 
experimental and phenomenological evidence for a substantial E-nucleus repulsion. A reanal- 
ysis of the E~-atom data by Batty, Friedman and Gal [3] including the then available precise 
^ ■ measurements of W and Pb atoms and employing phenomenological density- dependent fits has 
lead to a E-nucleus potential with a strongly repulsive core (of height ~ 95 MeV) and a shallow 
attractive tail outside the nucleus. However, because of the poor penetration of the E~-hyperon 
into the nucleus such fitted potentials are not well defined by the E~-atom data in the nuclear 
interior. The inclusive (tt~~, K + ) spectra on medium-to-heavy nuclear targets measured at KEK 
[4, 5] give a more direct evidence for a strongly repulsive E-nucleus potential. In the frame- 
work of the distorted- wave impulse approximation a best fit of the measured (tt~ , K + ) inclusive 
spectra on Si, Ni, In and Bi targets is obtained with a E-nucleus repulsion of about 90 MeV 
[5]. In addition a nonzero value of the imaginary E-nucleus potential (with a best fit value 
of about —40 MeV [5]) is also required in order to reproduce the observed spectra of the dou- 
ble differential cross section d 2 a/dQdE. Very recently, Kohno et al. [6] have calculated the 
(-k~,K + ) inclusive spectra on Si within a semiclassical distorted wave model and they found 
that the KEK data can also be well reproduced with a complex E-nucleus potential of strength 
(30 — 20 i) MeV. A possible reason for the different result from ref. [5] is due to avoiding the fac- 
torization approximation by an average cross section [6] . For an up-to-date and comprehensive 
overview of hypernuclear physics see also ref. [7] . 

In the standard one-boson exchange models for hyperon-nucleon interaction there are appre- 
ciable uncertainties in various meson-baryon coupling constants, although SU(3) relations are 
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imposed. Most of these models give an attractive (real) S-nucleus potential [8, 9, 10], but the 
Nijmegen model F [11] leads to repulsion, estimated to be about (4 — 8?) MeV in nuclear matter 
[12]. A nonrelativistic SU(6) quark model for the unifying description of octet baryon-baryon 
interactions has been developed by the Kyoto-Niigata group [13]. G-matrix calculations in low- 
est order Brueckner theory [14] with this hyperon-nucleon interaction showed that the real part 
of the S-nuclear mean-field is repulsive of the order of 20 MeV due to a strong repulsion in the 
total SA-isospin 3/2 channel which originates from Pauli blocking effects at the quark level. 
The same calculation [14] has found an imaginary part of the S single-particle potential in nu- 
clear matter of —20 MeV, comparable to the value —16 MeV extracted in the earlier analysis of 
the S~-atom data [1]. The basic physical mechanism behind this sizeable (negative) imaginary 
part is of course the strong conversion process SA — > AN in nuclear matter. 

More recently, chiral effective field theory approaches have opened new perspectives for 
dealing with binding and saturation of nuclear matter as well as single-particle properties of 
nucleons [15] and A-hyperons [16] in the nuclear medium. A key element in these approaches is 
the separation of long- and short-distance dynamics and an ordering scheme in powers of small 
momenta. At nuclear matter saturation density po — 0.16fm -3 the Fermi momentum kfo and 
the pion mass m n are comparable scales (kj ~ Zm^) and therefore pions must be included 
as explicit degrees of freedom in the description of the nuclear many-body dynamics. In this 
work we extend such a field-theoretical approach to the complex single-particle potential of a 
S-hyperon in isospin-symmetric nuclear matter. 

Our calculation is based on the leading order chiral meson-baryon Lagrangian in flavor SU(3) 
[17]: 

£*b = tr(S a • {V0, B}) + tr(B a • [V0, B}) + . . . , (1) 

where the traceless hermitian 3x3 matrices B and <fi collect the octet baryon fields (N, A, S, S) 
and the pseudoscalar Goldstone bosons fields (ir, K, K, rj), respectively. The parameter f n = 
92.4 MeV is the weak pion decay constant and D and F denote the SU(3) axial-vector coupling 
constants of the octet baryons. We choose as their values D = 0.84 and F = 0.46. This leads to a 
inVE-coupling constant of gKNH = (D — F)(M N + M^)/(2f 7T ) = 4.4, a 7rAS-coupling constant of 
^ttAs = D(M A + M 11 )/(y/3f v ) = 12.1 and a vrSS-coupling constant of ^ ss = 2FM s /f 7r = 11.9, 
consistent with the empirical values summarized in Tables 6.3 and 6.4 of ref. [18]. The 7rAS- 
coupling constant used in the present work is also consistent with the value g w AT, — 12.9 ± 0.9 
extracted recently from hyperonic atom data in ref. [19]. Furthermore, the pion-nucleon coupling 
constant has the value g W N = 9aM n / f w = 13.2 [20] with qa = D + F = 1.3. The ellipsis in 
eq.(l) stands for the chiral-invariant interaction terms with two and more Goldstone boson 
fields which do not come into play in the present calculation. 

Consider the density-dependent complex selfenergy U^{kf) + iWs(kf) of a zero-momentum 
S-hyperon (p s = 0) placed as a test particle into isospin-symmetric nuclear matter. The value 
Us(kfo) +i Wz(kf ) at nuclear matter saturation density p = 0.16 fm~ 3 fixes the strength of 
the S-nucleus optical potential. We calculate the long-range contributions to the S-nuclear 
mean field Us(kf) +i W-s(kf) generated by the exchange of light Goldstone bosons between the 
S-hyperon and the nucleons in the filled Fermi sea. The only nonvanishing one-meson exchange 
contribution comes from the kaon-exchange Fock diagram in Fig. 1, from which we obtain the 
following (small and) repulsive contribution to the real part of the S-nuclear mean field: 

Ux(k f )^ = -<A; / + <arctan^) , (2) 

{2nf 7T ) z { 3 m K J 

with rriK = 496 MeV the average kaon mass. At densities at and below nuclear matter saturation 
density p < 0.16 fm -3 (corresponding to Fermi momenta kf < 263 MeV) the kaon-exchange can 
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Figure 1: One-kaon exchange Fock diagram and iterated one-pion exchange Hartree diagrams 
with E- or A-hyperons in the intermediate state. The horizontal double-line symbolizes the 
filled Fermi sea of nucleons, i.e. the medium insertion —9(kf — \p\) in the in-medium nucleon 
propagator [15]. Effectively, the medium insertion sums up hole-propagation and the absence 
of particle-propagation below the Fermi surface \p\ < kf. 



already be regarded as being of short range. The ratio kf/mx < 0.53 is small and the expression 
in curly brackets of eq.(2) is dominated by its leading term k b f/hm 2 K in the ^/-expansion. 

The truly long-range interaction between the E-hyperon and the nucleons arises therefore 
from two-pion exchange. The corresponding two-loop diagrams with a E- or a A-hyperon 
in the intermediate state are shown in Fig. 1. Their relative isospin factor (for the E- and 
A-intermediate state) is Q(F/D) 2 ~ 1.8. We find from the second diagram in Fig. 1 with 
one medium insertion [15] and a E-hyperon in the intermediate state the following long-range 
contribution to the real part of the E-nuclear mean-field: 1 



Uv(k f ) 



(2.S) = F 2 g 2 A M B mj 



kf 1 

"Sm^kf + (2k 2 f + 3m 2 ) arctan — ^- > , 

m w j 



(3) 



with m n = 138 MeV the average pion mass. The mean baryon mass M B = (2Mn + Ma + 
My)/ A = 1047 MeV serves the purpose of averaging out small differences in the kinetic energies 
of the various baryons involved. Note the large scale enhancement factor M B in eq.(3) which 
stems from the energy denominator of the 27r-exchange diagram. Because of this characteristic 
property the notion of iterated (second order) one-pion exchange is actually more appropriate 
(see also Sec. 4 in ref.[21] for the analogous classification of the 27r-exchange NN-interaction). 
The third diagram in Fig. 1 with two medium insertions represents a Pauli blocking correction. 
With an intermediate E-hyperon the contribution to the real part of the E-nuclear mean-field 
can be expressed as: 



Un(k f ) Pauli 



(2ttS) _ F g A M B 



2kj 



m\ [ dx -f — 

Jo J-i z 



- + 2\nS 

o 



(4) 



with the auxiliary function S — 1 + u — x + 2xz + 2zyx(u — x + xz 2 ) and the abbreviation 

u = k 2 jm\. The symbol -f\ dz in eq.(4) denotes a principal value integral. We also note that 

the total imaginary part W-^(k /) < - 27rS - ) + W-^(kf)p^ vanishes identically. 

1 We have used dimensional regularization (where a linear divergence J °° dl 1 is set to zero) to evaluate the 
loop integral. In cutoff regularization one would get in addition a term linear in the cutoff and the density p. 
Since such a term is indistinguishable from the effect of a zero-range contact interaction it does not belong to 
the genuine long-range contributions. 
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Next, we come to the iterated one-pion exchange diagrams with an intermediate A-hyperon. 
The small EA-mass splitting Ms — M\ = 77.5 MeV which comes here into play is comparable 
in magnitude to the typical kinetic energies of the nucleons. Therefore it has to be counted 
accordingly in the energy denominator. By the relation M s — M\ = A 2 /M B we introduce 
another small mass scale A, whose magnitude A ~ 285 MeV is close to the Fermi momentum 
k jo — 263 MeV at nuclear matter saturation density. Putting all pieces together we find from the 
second diagram in Fig. 1 with an intermediate A-hyperon the following long-range contribution 
to the complex E-nuclear mean field: 

W y ( « 1+i ^(y-^^»(J|, (5, 

where the complex function 

= -(5 + 3)y/u - l -{u + 25 + 6)^(45 + u) + (2u + 5 2 + 45 + 3) 

f 2 + 25 + U+ Ju{45 + u) \ 

x | arctan _ + i In 2[{1 + s)2 + u]1/2 ] , (6) 

emerges from the combined loop and Fermi sphere integration with the abbreviation 5 = A 2 /m 2 . 
The corresponding Pauli blocking correction to the real part of the E-nuclear mean field can be 
expressed as a numerically easily manageable double-integral of the form: 



TT D 2 g\M B m\ p p 1 f My - x - 25 - l)^xy 

^E(%j Pauli - 6{2nU)4 J dx J ^ {2 5+l + x-y) 2 \ {l + x + y f-4xy {<) 



\ + x + y + 2^/xy . x0 \8 — y — +/xy\\ 

+ (2x - 2y + 45 + 1 In J J* +^S + x-y) 2 hi M V J-\ ■ 

1 + x + y -2^/xy \5 - y + ^/xy\ J 

In the case of the imaginary part of the E-nuclear mean field the Pauli blocking correction can 
even be written in closed analytical form: 

ftcff = ^ - ^ + §(«. - f > + <u - 

2 + 25 + « + yju{48 + u) 



+-(u + 25 + "! I'" 1 ' + «) - (2« + 5 2 ) In 
2 + 25 + u + Ju(45 + u) 1 

- (3 + « )ln 2T^ }■ (8) 

It is interesting to observe that there is a threshold condition kf > A/v^2 for Pauli blocking to 
become active in the imaginary part of the E-nuclear mean field. This threshold corresponds to 
the subnuclear density p t h = 0.072 fm -3 = 0.45 po- Furthermore, as a simple check one verifies 
that the total imaginary E-nuclear mean field W^(kf)^ 2nA ^ + W^(kf)p^ vanishes identically in 
the limit of EA-mass degeneracy, i.e. 5 = 0. We have also evaluated the contributions to U^(kf) 
from irreducible two-pion exchange (which do not carry the large scale enhancement factor Mb) 
and found that they sum up to zero in isospin-symmetric nuclear matter. For comparison, the 
same exact cancellation is at work in the isoscalar central channel of 27r-exchange NN-potential 
(see Sec. 4.2 in ref.[21]). As an aside we note that the Pauli blocking corrections eqs. (4,7,8) 
could also be interpreted as the effects of the 27r-exchange Y,NN three-body interaction [22]. 
This equivalence becomes immediately clear by opening the two nucleon lines (with horizontal 
double-lines) of the last diagram in Fig. I. 



4 




P [fm" 3 ] 



Figure 2: The complex mean field Us(kf)+iW-s(kf) of a zero-momentum S-hyperon in isospin- 
symmetric nuclear matter versus the nucleon density p = 2k^/3n 2 . The imaginary part W^(kf) 
(lower solid line) originates from the conversion process EiV — ■> AA" induced by one-pion ex- 
change. The real part U^(kf) (upper solid line) includes only genuine long-range contributions. 

Summing up all calculated terms, we show in Fig. 2 the resulting complex S-nuclear mean 
field Us(kf) + iWs(kf) as a function of the nucleon density p = 2/c 3 /37r 2 . The lower curve 
for the imaginary part W^(kf) displays clearly the onset of the Pauli blocking effects at the 
threshold density p t h — 0.072 fm -3 . It is very astonishing that the total real S-nuclear mean field 
U^(kf) follows to a good approximation a straight line, whereas individual components possess 
a much more nonlinear dependence on the density p, driven by the relevant dimensionless 
variable ^fu = kf/m n . At normal nuclear matter density po = 0.16 fm -3 (corresponding to 
a Fermi momentum of kfo = 263 Me V) one finds for the real and imaginary part, Us(kfo) = 
[0.4 + (40.9 + 16.1) + (8.2-6.6)]MeV= 59MeV and W E (fc /0 ) = (-29.0 + 7.5) MeV = -21.5 MeV, 
where the individual entries correspond to the respective terms written in eqs.(2-8), in that 
order. As it could be expected from the small KVE-coupling constant gxNY, = 4.4 the kaon- 
exchange contribution is completely negligible. The genuine long-range terms from iterated 
one-pion exchange with intermediate S- and A-hyperons eqs.(3,5) build up a sizeable repulsion 
of 49 MeV which is furthermore enhanced (by about 20%) by the Pauli blocking corrections 
eqs.(4,7). Note that one is dealing here with six-dimensional principal value integrals whose signs 
are not a priori fixed. The imaginary single-particle potential of W^(kf ) = —21.5 MeV comes 
out surprisingly close to the value —20 MeV obtained in the SU(6) quark model calculation 
of ref. [14] or the value —16 MeV extracted from X~-atom data [1]. Of course, in order to 
account for the uncertainties in the axial-vector coupling constants D and F and the choice of 
a mean baryon mass M B one should add to the curves in Fig. 2 an error band of at least ±20%. 
Moreover, there are recoil corrections to the leading order results given in eqs.(2-8). Since 
these recoil corrections scale (at least) as 1/Mb with the baryon mass Mb they are expected to 
suppressed by the small relative factor (kf/M B ) 2 < 0.07 (for moderate densities p < 0.2 fm -3 ). 
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If one continues the curves in Fig. 2 to even higher densities p < 0.5 fm~ 3 one finds a stronger 
than linear rise of the real part Us(kf) and an approximate saturation of the imaginary part 
Us(kf) at a value of about — 30MeV. However, this behavior should not be taken too seriously, 
since for Fermi momenta kf > 350 Me V one presumably exceeds the limits of validity of the 
present calculation based on in-medium chiral perturbation theory (see also the discussion in 
ref.[15]). 

Altogether, it seems that the leading long-range two-pion exchange dynamics evaluated in 
the present field-theoretical approach is able to reproduce qualitatively the single-particle prop- 
erties of E-hyperons in the nuclear medium in agreement with existing phenomenology and more 
sophisticated model calculations. This raises the question about the role of the short-range EA- 
interaction (and additional short-range correlations). QCD sum rule calculations of E-hyperons 
in nuclear matter [23] indicate that the individually large Lorentz scalar and vector mean fields 
(typically of strength =f0.2M s ) cancel each other to a large extent. In the case of the Lorentz 
scalar mean field the QCD sum rule results are subject to large uncertainties due to unknown 
contributions from four-quark condensates. Conversely, at least some of these contributions 
are accounted for by our explicit treatment of the long-range two-pion exchange processes. A 
combined QCD sum rule analysis of nucleons, A-hyperons and E-hyperons in nuclear matter 
together with input from in-medium chiral perturbation theory and phenomenology should help 
to better constrain the short-distance baryon-nucleon dynamics (whose details are however not 
resolved at the scale of the nuclear Fermi momentum kfo). 

In summary, we have calculated in this work the density- dependent complex mean field 
Us{kf) + i W-z(kf) of a E-hyperon in isospin-symmetric nuclear matter in the two-loop approx- 
imation of in-medium chiral perturbation theory. The leading long-range EA-interaction arises 
from iterated (second order) one-pion exchange with a E- or A-hyperon in the intermediate 
state. These second order pion-exchange contributions do not correspond to any mean field 
Hartree approximation as evidenced by their intrinsic nonlinear density-dependence. To the 
order in the small momentum expansion we are working here the long-range correlations be- 
tween the E-hyperon and the nucleons are fully taken into account. We find from the strong 
EA" — * AA" conversion process at nuclear matter saturation density p = 0.16 fm~ 3 an imagi- 
nary single-particle potential of W-s(kfo) = — 21.5MeV. The genuine long-range contributions 
from iterated pion-exchange sum up to a moderately repulsive real single-particle potential of 
U-E(kfo) = 59MeV. Taking into account the uncertainties of the involved coupling constants 
such values are already compatible with the E-nucleus optical potential needed to describe the 
inclusive (ir~ , K + ) spectra related to E~-formation in heavy nuclei. Our results suggest that 
the net effect of the short-range EA-interaction on the E-nuclear mean-field could be small. A 
combined QCD sum rule analysis of nucleons, A-hyperons and E-hyperons in nuclear matter 
can help to clarify the latter point. Furthermore, the present calculation can easily be extended 
to nonzero E-momentum p, and from the corresponding momentum and density dependent 
mean field Uz(p,kf) + iW^(p,kf) one can extract, for example, an effective E-mass [22, 24]. 
Work along these lines is in progress. 

Acknowledgements: I thank A. Gal, G. Lalazissis and W. Weise for informative discussions. 

References 

[1] C.B. Dover, D.J. Millener and A. Gal, Phys. Reports 184, 1 (1989), and references therein. 
[2] R.E. Chrien and C.B. Dover, Annu. Rev. Nucl. Part. Sci. 39, 113 (1989), and references 
therein. 

[3] C.J. Batty, E. Friedman and A. Gal, Phys. Reports 287, 385 (1997), and references therein. 



6 



[4] H. Noumi et al., Phys. Rev. Lett. 89, 072301 (2002); 90, 049902 (E) (2003). 

[5] P.K. Saha et al, Phys. Rev. C70, 044613 (2004). 

[6] M. Kohno et al., Prog. Theor. Phys. 112, 895 (2004). 

[7] A. Gal, Prog. Theor. Phys. Suppl. 156, 1 (2004). 

[8] R. Brockmann and E. Oset, Phys. Lett. B118, 33 (1982). 

[9] H.J. Schulze et al, Phys. Rev. C57, 704 (1998). 

[10] Y. Yamamoto, S. Nishizaki and T. Takatsuka, Prog. Theor. Phys. 103, 981 (2000), and 
references therein. 

[11] Th.A. Rijken, V.G.J. Stoks and Y. Yamamoto, Phys. Rev. C59, 21 (1999), and references 
therein. 

[12] T. Yamada and Y. Yamamoto, Prog. Theor. Phys. Suppl. 117, 241 (1994). 
[13] Y. Fujiwara et al., Phys. Rev. C64, 054001 (2001); and references therein. 
[14] M. Kohno et al., Nucl. Phys. A674, 229 (2000). 

[15] N. Kaiser, S. Fritsch and W. Weise, Nucl. Phys. A697, 255 (2002); A700, 343 (2002); 
A750, 259 (2005). 

[16] N. Kaiser and W. Weise, Phys. Rev. C71, 015203 (2005). 

[17] V. Bernard, N. Kaiser and Ulf-G. MeiBner, Int. J. Mod. Phys. E4, 193 (1995); chapt. 6. 

[18] O. Dumbrajs et al, Nucl. Phys. B216, 277 (1983). 

[19] B. Loiseau and S. Wycech, Phys. Rev. C63, 034003 (2001). 

[20] M.M. Pavan et al, Phys. Scr. T87, 65 (2000). 

[21] N. Kaiser, R. Brockmann and W. Weise, Nucl. Phys. A625, 758 (1997). 
[22] Q.N. Usmani and A.R. Bodmer, Phys. Rev. C60, 055215 (1999). 
[23] X. Jin and M. Nielsen, Phys. Rev. C51, 347 (1995), and references therein. 
[24] D.J. Millener, Nucl. Phys. A691, 93c (2001). 



7 



